Background: Formyl peptide receptor 1 (FPR1) and FPR2 are highly homologous but bind fMet-Leu-Phe with very different affinities. Results: Asp-281 provides a negative charge that renders FPR2 more sensitive to the length and composition of formyl peptides than FPR1. Conclusion: Asp-281 is a major determinant for FPR2 binding. Significance: This work provides a structural basis for differential interaction between formyl peptides and their receptors.
mammals, mitochondrial protein synthesis shares this feature, and formyl peptides are released upon cell death. Mammalian phagocytes have cell surface receptors specialized in the detection of these formyl peptides that are strong chemoattractants for neutrophils (1, 2) . In neutrophils, formyl peptide receptors (FPRs) 2 are largely responsible for detection of invading bacteria, which guides these phagocytes to the site of infection and initiates a cascade of bactericidal activities including degranulation and superoxide generation (3, 4) . In animal studies, mice lacking the Fpr1 gene are susceptible to certain bacterial infection (5), suggesting an important role for the receptor in host defense. Detection of mitochondrial formyl peptides by the FPRs is an important part of the inflammatory responses to endogenous damage-associated molecular patterns (6, 7) .
The FPRs are G protein-coupled receptors (GPCRs) with a seven-membrane-span structure (4, 8) . In humans, two FPRs are expressed on neutrophils, FPR1 and FPR2. FPR1 displays a high affinity (k d ϳ 1 nM) to the prototypic formyl peptide, N-formyl-Met-Leu-Phe (fMLF), which is an Escherichia coliderived chemoattractant. FPR1 is well known for its ability to initiate G␣ i -mediated signaling events including activation of the phosphatidylinositol 3-kinase, mitogen-activated protein kinases, and small GTPases that ultimately lead to cytoskeleton reorganization, cell migration, and release of highly toxic oxygen radicals as well as protein degradation enzymes. In contrast, FPR2 shares 69% sequence identity at the protein level yet displays low binding affinity for fMLF (k d ϳ 430 nM). Combined with its promiscuity in binding other peptides and nonpeptide ligands (4) , it is questionable whether FPR2 is a bona fide formyl peptide receptor.
Numerous attempts were made to study the ligand binding pocket of FPR1 despite the lack of crystal structure for the receptor. Biochemical approaches including construction and analysis of receptor chimeras, point mutations, and cross-linking to fluorescent probes have been used in FPR1 binding characterization. Quehenberger et al. prepared and characterized chimera receptors consisting of FPR1 and FPR2 and identified three clusters of residues in the extracellular loops of FPR1 for high affinity interaction with fMLF (9) . In addition, introduction of two positively charged residues (Arg and Lys) to positions 84 and 85 converted the low affinity FPR1/FPR2 chimera to a high affinity receptor for fMLF binding (10) . Other studies employed point mutagenesis approaches and identified charged residues including Arg-84 2.63 , Lys-85 2.64 , Arg-205 5.42 , and Asp-284 7.36 as well as Arg-163 4.63 as being important for fMLF binding (11, 12) . To further demonstrate the ligand binding properties, additional cross-link studies were conducted, and the results indicate that Lys-85 2.64 and Asp-284 7.36 in FPR1 form an electrostatic interaction and formyl peptide binding serves to disrupt this interaction (13) . Although these mutational and biochemical studies give insight into the interaction of formyl peptides with FPR1, studies of other GPCRs indicate that the interaction between receptors and a given ligand is complex and may vary in different receptors. Therefore, it is unclear whether the FPR1 ligand binding properties can be applied to FPR2.
In the present study we examined the ability of FPR2 to bind and respond to formyl peptides of different length and composition. We also constructed computer models based on available biochemical data from studies of the FPRs and on structural information of several recently crystallized GPCRs. This study follows a previous attempt in characterizing mitochondrial peptides that activate FPR2 (14) and our recent study of the mouse homologues of human FPRs (15) . We report here the identification of structural features of formyl peptides required for full activation of FPR2 as well as constituents of the putative receptor binding site for these peptides. Our results suggest that FPR1 and FPR2 use different structural determinants for their interaction with formyl peptides.
EXPERIMENTAL PROCEDURES
Materials-The tripeptide fMLF (Ն90% purity) was purchased from Sigma. Fluorescent peptides including WK(FITC) YMVm (m ϭ D-Met; Ն95% purity), fMLFIK-FITC, and fMLFK-FITC were synthesized and conjugated by ChinaPeptides Co., Ltd (Shanghai, China). Other formyl and non-formyl peptides were synthesized at the Protein Research Laboratory at the University of Illinois at Chicago and purified to Ն90% homogeneity as indicated by mass spectrometry. FLIPR Calcium 5 reagent was purchased from Molecular Devices (Sunnyvale, CA). The KODplus-new PCR polymerase was purchased from TOYOBO Co., Ltd. (Osaka, Japan). Other chemicals were purchased from Sigma.
Computational Models of FPR1 and FPR2- Fig. 1A shows a phylogenetic tree of human FPR1 and FPR2 and all class A GPCRs with known structure. It can be seen that FPRs are located in a branch that includes opioid receptors (OPRX, OPRK, OPRD, and OPRM), the protease-activated receptor (PAR1), the neurotensin receptor (NTR1), and the chemokine CXCR4 and CCR5 receptors, with the latter being the most closely related receptor. This subfamily of peptide receptors is characterized by unique molecular signatures such as an ECL2 formed by two ␤-strands that maintain the binding site accessible from the extracellular environment and a closed helical segment (310 helix or tight turn) at the extracellular part of TM2 due to the conserved (S/T)ϫP2.58 motif (16) . Thus, FPR1 and FPR2 were modeled using the structure of the CXCR4 chemokine receptor as template (PDB code 3ODU) (17) using Modeler 9v8 (18 (19) , were used as reference points in TM sequence alignments (see Fig. 1B ). The extended conformation of fMLF was docked into the homology model of FPR1 using the Autodock Vina tool (20) was refined with energy minimization and molecular dynamics (MD) simulations. This computed peptide-receptor complex (fMLF-FPR1) was used as a template to model the binding of the studied peptides to FPR1 and FPR2. Molecular Dynamics Simulations of Peptide-Receptor Complexes-In a second step, these binding modes were refined using MD simulations of the peptide-receptor complexes. The complexes were embedded in a lipid bilayer (186 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) with explicit solvent (14,300 water molecules) and counterions (65 Na ϩ and 75 Cl Ϫ ). Model systems were energy-minimized and subsequently subjected to a 1-ns MD equilibration, with positional restraints on the C␣ atoms of the receptor, to remove possible voids present in protein/lipids or protein/water interfaces. These restraints were released, and 100-ns MD trajectories were produced at constant pressure and temperature using the particle mesh Ewald method to evaluate electrostatic interactions with the GROMACS software v4.53 (21) using the protocol previously described (22) . The stability of the peptide-receptor complexes was monitored by root mean square deviations.
Site-directed Mutagenesis-The mutation Asp-281 to Gly (D281 7.32 G) was introduced into the cDNA for FPR2 using a one-step PCR protocol with two back-to-back mutagenic primers. The full-length mutagenic fragment inside the plasmid vector pSFFV.neo was extended by KOD-plus-new polymerase (TOYOBO). The mutation was confirmed by DNA sequencing.
Cell Culture-The rat basophil leukemia cell line RBL-2H3, which does not respond to known formyl peptides, was transfected with an expression vector SFFV.neo containing the cDNAs for FPR1, FPR2, or its mutant D281 7.32 G as previously described (23) . Stable transfectants were continuously selected with G418 (250 g/ml) after initial transfectants were isolated with 500 g/ml G418. Flow cytometry analysis of stable cell lines was conducted using anti-FPR2 antibodies (GENOVAC, Freiburg, Germany) to determine receptor expression. RBL-transfected cells were maintained in DMEM supplemented with 20% FBS.
Calcium Mobilization-Stable transfectants of RBL cells were grown to confluence in black/clear bottom 96-well assay plates. Prior to experiments cells were washed with 0.5% bovine serum albumin in Hanks' balanced saline solution (with Ca 2ϩ and Mg 2ϩ ) and incubated in the same buffer. Cells were loaded for 1 h at 37°C with the FLIPR calcium-sensitive dye (Calcium 5) according to the manufacturer's protocols (Molecular Devices). The addition of agonists was robotically controlled,
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and samples were read in a FlexStation III (Molecular Devices). Cells were excited at 485 nm and detected with an emission wavelength of 525 nm. Maximal Ca 2ϩ increase was ϳ500 nM. For internal control, 1 M ATP was added. Data were acquired by SoftMax Pro 6 (Molecular Devices) and analyzed with Origin 8.5 software (Northampton, MA). The dose-response curves were plotted as the means Ϯ S.E. based on at least 3 experiments using 7-9 different concentrations of agonists.
Degranulation-␤-Hexosaminidase release was measured as described (24 at 37°C, the cells were washed 3 times in cold PBS and resuspended in 300 l of lysis buffer. cAMP level was determined using a commercially available kit (R&D Systems, Minneapolis, MN).
Ligand Binding Assay-Cells for saturation and competitive binding assays were prepared as described (15) 
RESULTS

Staphylococcus aureus-and Listeria monocytogenes-derived Formyl Peptides Are Potent Agonists for FPR2-FPR2
is a promiscuous receptor activated by a number of different agonists from a variety of sources. However, the highly potent tripeptide for FPR1, fMLF (1), is a weak agonist for FPR2, as it requires micromolar concentrations of the tripeptide to active FPR2 (25) . The discrepancy in the response to fMLF suggests that different structural determinants are used for fMLF binding by FPR2 despite sharing 69% identical sequence with FPR1 ( Fig. 1) . We sought to determine whether formyl peptides with amino acid sequences from other bacterial strains are potent agonists for FPR2. S. aureus and L. monocytogenes produce chemotactic peptides that are less well characterized. Of the six formyl peptides identified from S. aureus cultures, one with the sequence fMIFL had the greatest effect on neutrophil chemotaxis (26) . Chemotactic peptides from L. monocytogenes, including fMIVIL, were found to be highly potent on human phagocytes (14) . The S. aureus-and L. monocytogenes-derived formyl peptides were recently found to activate mouse Fpr1, which also displays low affinity for fMLF (15, 27) . We tested these peptides (structures in Fig. 2A ) in FPR2-expressing RBL cells (RBL-FPR2) for their ability to mobilize calcium. Both the tetrapeptide fMIFL and the pentapeptide fMIVIL induced calcium mobilization in nanomolar concentrations (EC 50 ϭ 89 and 400 nM, respectively; Table 1 ), whereas fMLF did not induce significant calcium release at this concentration (Fig.  2B ). Dose-dependent Ca 2ϩ mobilization was determined in RBL-FPR2 cells. fMLF induced calcium mobilization only when used at micromolar concentrations (EC 50 ϭ 6.7 M, Fig. 2C ). The other two peptides, fMIFL and fMIVIL, were ϳ100-and 10-fold more potent than fMLF, respectively (Fig. 2, D and E) .
Optimal Activation of FPR2 Requires an N-Formyl GroupAlthough FPR2 is a low affinity receptor for the prototypic formyl peptide fMLF, the fact that it is activated by differential agonists demonstrates a role in regulating inflammatory responses (4, 28) . The agonists that activate FPR2 are mostly peptides, some of them without an N-formyl methionine. To determine whether FPR2 requires the N-formyl group in these peptides for activation, peptides were synthesized with and without the N-formyl group, and their potency at FPR2 was compared. Consistent with previous findings (29) , fMLF demonstrated low potency to the FPR2 receptor, and removal of the N-terminal formyl group (MLF) abrogated activation of FPR2 (Fig. 2C) . Similar effects were obtained with peptides derived from S. aureus (fMIFL) and L. monocytogenes (fMIVIL) (Fig. 2 , D and E). These findings reinforce the notion that FPR2 is a formyl peptide receptor.
C-terminal Amino Acids Are Structural Determinants for the Potency and Efficacy of Formyl Peptides at FPR2
-Based on previous characterization of FPR1 interaction with formyl peptides, the FPR1 binding pocket can accommodate peptides up to five amino acids (29, 30) . Formyl peptides of five and six residues may be conjugated to their C termini with the bulky FITC without losing their potency and efficacy (30) , suggesting that the length and composition of the C termini and its chemical modification may not be critical to FPR1 binding. We sought to determine whether the projected ligand binding pocket of FPR2 has similar properties. The low potency and efficacy of fMLF at FPR2, compared with the high potency and efficacy of longer formyl peptides such as fMIFL and fMIVIL (see above), suggests that peptide length could be an important determinant for FPR2 activation.
To investigate the C-terminal interaction of the ligands with FPR2, we synthesized formyl peptides with various C-terminal substitutions to determine the effect of length and charge on FPR2 activation (Fig. 3) . The fMLFK and fMLFW tetrapeptides and the fMLFII and fMLFIK pentapeptides showed increased potency over fMLF with the order of fMLFII Ͼ fMLFIK Ͼ fMLFK Ͼ fMLFW Ͼ fMLF based on EC 50 values from the calcium mobilization assay (Fig. 3) . The pentapeptide fMLFII was 1500-fold more potent than fMLF in the induction of FPR2-dependent calcium mobilization. However, placing a negatively charged residue (Glu, Asp) at the C terminus resulted in a peptide with extremely low potency, as fMLFE did not show activity unless used at concentrations of 10 M and above (Fig. 3) . A similarly charged peptide fMLFD also lacked potency (data not shown). Similar results were obtained in other functional assays, including degranulation (Fig. 4) and agonist-induced inhibition of cAMP accumulation (see Fig. 9 and Table 1) . Although fMLFK and fMLFIK showed higher potency on FPR2 (EC 50 ϭ 86 and 12 nM in calcium flux assays, IC 50 ϭ 51 and 52 nM in cAMP reduction, Table 1 ), conjugation of FITC to their C termini abrogated potency (data not shown) and affinity ( Fig. 5A and Table 2 ). For this reason, a FITC-conjugated nonformyl peptide WKYMVm, which retained high affinity at FPR2 (K d ϭ 0.8 nM; Fig. 5B and Table 3 ), was used in FPR2 binding assays. Competition binding assays were performed in the presence of 2.5 nM WK(FITC)MVm. As shown in Fig. 5C , fMLFIK, fMLFII, and fMLFK were strong competitors. In contrast, fMLF and fMLFE were weak competitors, and fMLFE showed no ability to displace WK(FITC)YMVm. These binding properties were consistent with the potency of the peptides in functional assays (see Figs. 3, 4 , and 9, Tables 1 and 3) . Collectively, the results suggest involvement of the C-terminal amino acids in peptide interaction with FPR2. We concluded that the lengths of the peptides as well as their C-terminal charges are determinants for optimal agonistic activity at FPR2.
Although FITC-conjugated fMLFIK displayed reduced binding to FPR2, fMLFIK-FITC retained high affinity for FPR1 (K d ϭ 0.9 nM, Fig. 5D , Table 2 ). This finding is consistent with the early observation that C-terminal residues of formyl peptides longer than five amino acids protrude to the open end of the putative binding pocket, as proposed by Sklar and coworkers (30) . WK(FITC)YMVm was also tested on FPR1, and a K d of 3.9 nM was obtained (Fig. 5E, Table 2 ). In competitive binding assays using WK(FITC)YMVm, the tripeptide fMLF and the tetrapeptides (fMLFE, fMLFK, fMLFW) displayed similar affinity to FPR1 despite charge difference in the C-terminal amino acids (Fig. 5F ). In functional assays including degranulation (Fig. 4) , calcium flux and cAMP accumulation assays (supplemental Figs. 1 and 2 and Table 1 ), fMLFE, which displayed low potency at FPR2 (Fig. 5C ), performed as well as other formylated tetrapeptides when tested on FPR1.
Structural Models for FPR1 and FPR2 Peptide Binding-The above results indicate that, in contrast to FPR1, FPR2 binding is influenced by the C-terminal domain of formyl peptides. In an attempt to gain a better understanding of this effect, we constructed computer three-dimensional models of the complexes between N-formyl peptides and a CXCR4 chemokine-based model of FPR1 and FPR2 (see "Experimental Procedures"). In these models (Fig. 6) , the N-formyl group hydrogen bonds Arg-205 5.42 , which ionic pairs with Asp106 3.33 based on published reports (12) . The crystal structure of the active state ␤ 2 -adrenergic receptor in the active state bound to the BI-167107 agonist shows hydrogen bond interactions with the side chains at positions 5.42 and 5.46 (31) . These interactions stabilize a receptor conformation that includes an inward movement of transmembrane helix TM 5, rotation of TM 3 that repositions a bulky hydrophobic side chain at position 3.40 (32) , and relocation of the side chain at position 6.44 that contributes to a rotation and outward movement of TM6 for receptor activation (31) . Thus, the interaction between the N-formyl group and Arg-205 5.42 in TM 5 might trigger these movements, explaining the experimentally determined importance of the N-formyl group in receptor activation (Fig. 2) . Importantly, Arg-205 5.42 is conserved in both FPR1 (Fig. 6A) and FPR2 (Fig. 6, B-D) ; thus, the different structural requirements for peptide binding probably resides in residues located at the other side of the binding cavity. Sequence divergences are mainly observed in TM 2 and TM 7 (Fig. 7A) . FPR1 contains Arg-84 2.63 , Lys-85 2.64 , and Asp284 7.36 , the last two forming an electrostatic interaction in the ligand-free receptor (Fig. 6A ), in agreement with previous experimental data (13) . There are Met and Asn in these positions, respectively, in FPR2 (Fig. 7A) . Nevertheless, FPR2 contains the negative Asp-281 7.32 side chain that is Gly in FPR1 but lacks any positive side chain in the TM 2 environment (Figs. 7A  and 6, B-D) . As a result, the molecular electrostatic potential on the inner surface of the binding cavity near TM 2 and TM 7 is positive (see the arrow in Fig. 7B) (Fig. 6A ) that is an important event for receptor activation (13) . In contrast, this COO-group of fMLF is repulsive with Asp-281 7.32 of FPR2 (Fig. 6B) , which impedes high affinity binding. According to the model, the fMLFII pentapeptide, which adds two Ile side chains to fMLF, moves the end-terminal COO-group away from the negatively charged environment of TM 2 in FPR2, thereby increasing its potency (Table 1) . fMLFII (Fig. 6C) positions a hydrophobic Ile side chain in the hydrophobic environment of TM 2; thus, the much larger enhancement of potency in fMLFII (1763 times) than in fMLFIK (558 times) may be attributed to the fact that the end-terminal COO-group in fMLFII is closer to the extracellular side of TM 1, possibly interacting with Arg26 1.32 (Fig.  6C ). In agreement with these modes of binding, the addition of a positive side chain to fMLF, forming the fMLFK tetrapeptide, enhances the potency by a factor of ϳ10 relative to fMLF (Table  1) due to its interaction with Asp-281 7.32 (Fig. 6D) . In contrast, the addition of a negative side chain, forming the fMLFE tetrapeptide, is not tolerated in FPR2 ( (Fig. 1B) . The mutant was stably expressed in RBL cells with an expression level similar to that of FPR2 and FPR1 (Table  2) , based on flow cytometry analysis. The mutation did not significantly alter the equilibrium dissociation constant (K d value) for WK(FITC)YMVm (1.3 nM for D281 7.32 G, compared with 0.8 nM for wild type FPR2; Table 2 ). Likewise, the mutation did not improve FPR2 binding of fMLFK-FITC and fMLFIK-FITC, which remained as poor agonists (data not shown). The ligand-receptor interaction was examined in both functional and binding assays (Figs. 8 -10 ). The D281 7.32 G mutant and the wild type FPR2 showed no significant difference in response to the fMLFII and fMLFIK pentapeptides in calcium flux ( Fig. 8 and Table 1 ), cAMP accumulation ( Fig. 9 and Table 1) , and competitive binding assays ( Fig. 10 and Table 3 ). The longer peptide, fMLFIIK, could not discriminate between D281 7.32 G and wild type receptor (data not shown). These observations suggest that the D281 7.32 G mutation did not alter the global structure of the receptor.
In contrast, the D281 7.32 G mutation differentially altered FPR2-mediated response to, as well as binding affinity for, fMLF and all tetrapeptides tested in this work. As illustrated in Figs. 8 -10 and summarized in Tables 1 and 3 , fMLFK was ϳ10-fold less potent on the D281 7.32 G mutant than on wild type FPR2, suggesting that removal of the negative charge of Asp-281
7.32 reduced a favorable interaction with the positively 
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charged lysine side chain, as predicted in the computer models. In comparison, the potency (Figs. 8 and 9 ) and affinity ( Fig. 10 ) of fMLFE and fMLF improved by ϳ10-fold when Asp-281 7.32 was substituted with a Gly, providing experimental support to the computer models that predict Asp-281 7.32 as being repulsive to the COO-group in fMLF and to the negative side chain of Glu in fMLFE. As a result of the removal of this negative charge at position 281, the difference in binding affinity and potency between the tested tripeptide and tetrapeptides was reduced (Tables 1 and 3) . These results, summarized in Tables  1 and 3, suggested that Asp-281 7.32 directly interacts with the C termini of formyl peptides of three to four amino acids due to proximity, but it is dispensable with peptides over five residues in length (Fig. 6) .
DISCUSSION
Since its discovery in the early 1990s, FPR2 has been considered a controversial formyl peptide receptor largely due to its low affinity for fMLF (25, 33) . In addition to its low affinity for fMLF, FPR2 displays promiscuous binding to various agonists, thus distinguishing it from the high affinity fMLF receptor, FPR1 (4). In our previously publications, we examined formyl peptides derived from L. monocytogenes and S. aureus for their activation of the mouse formyl peptide receptor, mouse Fpr1 
of various formyl peptides with WK(FITC)YMVm to RBL-FPR2 cells
The relative affinity of unconjugated ligands were measured in competitive binding assays in which a fixed amount of WK(FITC)YMVm (2.5 nM) was added to cells on ice for 1 h before the addition of increasing concentrations of the unconjugated peptides as competitors. Samples were incubated for another hour on ice, and mean fluorescent intensity values were obtained by flow cytometry. Shown are the means of IC 50 values and maximum displacement (%) of unlabeled ligands in competition binding assays, based on at least three independent experiments. ND, not determined.
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RBL-D281 15, 27) . We demonstrated the ability of formyl peptides from L. monocytogenes (fMIVIL) and S. aureus (fMIFL) to activate mouse Fpr1 with a Ͼ100-fold higher potency than fMLF (15, 27) . In this study we showed similar results of fMIVIL and fMIFL in activating the low affinity human formyl peptide receptor, FPR2. Among the peptides tested, fMIVIL was previously shown to activate FPR2 (14) , but the significance of this work was overlooked due to the higher potency of this peptide toward FPR1. In this study we not only demonstrated that FPR2 is activated by physiologically relevant formyl peptides such as fMIVIL from L. monocytogenes and fMIFL from S. aureus but also provided a potential mechanism for FPR2 interaction with formyl peptides of different length and composition.
FPR2 is activated by a number of endogenous ligands such as SAA as well as many exogenous ligands such as HIV envelope proteins and a number of synthetic peptides including MMK1 and WKYMVM or small molecules such as Quin C1 (4). Because of this high level of diversity, it was important to determine whether the formyl group of formyl peptides is necessary for FPR2 activation. Our results indicate that the Met-containing peptides without N-formyl group lacked FPR2-activating capability. Computational models of the complexes between these peptides and FPR1 and FPR2 showed that the N-formyl group interacts with Arg-205 5.42 in TM 5 (Fig. 6) , thus inducing or stabilizing relocation of the TM 5 extracellular side and the closely related TM 6, similarly to the mechanisms proposed for ligand interaction with the biogenic amine receptors (32, 34) .
FPR1 and FPR2 as well as angiotensin, opioid, and chemokine families of GPCRs possess a conserved T 2.56 XP 2.58 motif (TXP, X being a nonconserved residue) in TM 2, which plays a key role in receptor activation (35) . Furthermore, it has been shown that a salt bridge linking the beginning of TM 7 and extracellular loop 2 of the ␤2-adrenergic receptor reorganizes upon agonist binding (22, 34) . These data have suggested that both TM 2 and TM 7 play key roles during receptor activation. These findings are consistent with the experimental data obtained by Mills et al. (13) , showing that formyl peptide binding to FPR1 disrupts the electrostatic interaction between Lys-85 2.64 in TM 2 and Asp284 7.36 in TM 7. In our computational models, the fMLF tripeptide complexed with FPR1 disrupts this salt bridge through the interaction between the end-terminal COO-group of the peptide and Lys-85 2.64 (Fig. 6A) , whereas the fMLFII pentapeptide places the hydrophobic Ile side chain between Lys-85 2.64 and Asp284 7.36 (not shown). Notably, the amino acid composition in TM 2 and TM 7 of FPR2 is highly divergent from FPR1, supporting our prediction that longer peptides (e.g. fMLFII versus fMLF) as well as certain C-terminal side chains are contributing factors for FPR2 activation, as will be discussed below.
Quinn and co-workers (36) previously proposed, based on pharmacophore models developed for small molecule agonists, a more electronegative binding pocket in FPR2 compared with FPR1. We have shown that the negatively charged Asp-281 7.32 in TM 7 provides the electrostatic negative potential in this domain of the receptor. Our computational models depict that the end-terminal COO-group of the fMLF tripeptide or the negatively charged Glu in the fMLFE tetrapeptide (not shown) is repulsive with this negatively charged area of FPR2, whereas the positive Lys side chain in the fMLFK tetrapeptide interacts favorably with Asp-281 7.32 . We were able to directly test these models using site-directed mutagenesis. Our results showed that substitution of the negatively charged Asp with Gly led to a decline in the interaction with fMLFK, whereas the substitution increased the potency and relative affinity for both fMLFE and fMLF. It is important to note that FPR1 lacks a negatively charged amino acid at the homologous position; hence, there is no favorable interaction with formyl peptides carrying a positive charge at the C terminus or repulsion with formyl peptides possessing a C-terminal negative charge. As a result, FPR1 interacts equally well with fMLFE and fMLFK.
Despite the above, Asp-281 7.32 seems not to contribute to FPR2 interaction with the longer fMLFII pentapeptide (Figs.  8 -10 and Tables 1 and 3 ). According to our computational models, fMLFII positions the hydrophobic Ile side chain between TMs 2 and 7 in a favorable manner and moves the end-terminal COO-group away from Asp-281 7.32 , toward the 
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JANUARY 24, 2014 • VOLUME 289 • NUMBER 4 extracellular side of TM 1, where the molecular electrostatic potential is positive due to the FPR2-specific Arg26 1.32 ( Fig.  6C) . Therefore, formyl peptides of different lengths can interact with different structural features of a receptor. Some of these features, including the negatively charged Asp-281 7.32 , are found in FPR2, whereas others including the salt bridge between TM 2 and TM 7 are present only in FPR1. It should be pointed out that the salt bridge is important for high affinity interaction of formyl peptides with a receptor, as evidenced by the generally higher potency of all tested peptides at FPR1 compared with FPR2. Evidence supporting this notion also came from the observation that the D281 7.32 G mutation of FPR2 failed to restore the potency of fMLF and fMLFE to the level in FPR1. Thus, the salt bridge between TM 2 and TM 7 is indispensable for a strong interaction with fMLF, fMLFE, and other formyl peptides. The sequence of the mouse formyl peptide receptors, mouse Fpr1 and Fpr2, resembles that of human FPR2 in that they lack the salt bridge between TM 2 and TM 7. This is the probable reason for their low affinity binding to most of the formyl peptides tested, as compared with human FPR1 (15) .
In summary, we have shown that selected formyl peptides from L. monocytogenes and S. aureus, which share certain C-terminal features such as one or two additional amino acids beyond the tripeptide fMLF and a positive charge, are potent agonists for FPR2. In addition, we have found that FPR1 and FPR2 interact with these peptides quite differently, and a negatively charged region in the binding pocket in FPR2 as well as the salt bridge between its TM 2 and TM 7 provide explanations to the difference. Further structural analysis is expected to delineate the mechanisms by which FPR2 interacts with various 7.32 G, respectively. The dose curves for formyl peptides are shown as the means Ϯ S.E. of cAMP concentrations detected at 450 nm after 30 min of incubation at 37°C, calculated from cAMP standard curves (not shown). Three separate experiments were conducted in duplicate, and standard curves were generated for each set of samples.
agonists in the forms of monomers and dimers, as shown in a recent report (37) . The new information will expand our understanding of the FPRs as modulators of both proinflammatory and anti-inflammatory functions.
